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Beginning in 1979 Cornell University was funded for the purpose of

analyzing the high time-resolution measurements provided by the Poker Flat Ur

Doppler radar. The research emphasized applications of the technique to

investigations of synoptic and mesoscale dynamics. The primary research areas

included determining the characteristics of mesoscale turbulence in the range

of periods from a few hours to several days and determining the extent to which

the geostrophic balance condition is satisfied at time scales of a day or less.
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1. Introduction

i The Poker Flat, Alaska MST (Msosphere-Stratosphere-Troposphere) radar

has been a rich source of wind data of a type never seen before. The height

range covered and the time resolution of the measurements have made it possible

to explore important topics in atmospheric dynamics about which little was

known. Cornell was funded in 1979 for the purpose of aiding in the analysis of

the wind data that was just becoming available in the beginning of that year.

A number of other investigators have also been involved in utilizing the radar

jmeasurements as part of their research programs, but our particular emphasis

was on the synoptic applications of the research tool.

Even though a number of investigators have been involved in analyzing

data from the MST radar, only the surface of the data base has been scratched.

That is certainly true in the area of synoptic and mesoscale dynamics. Since

no previous work had been done with long time series of high resolution wind

data such as these, our studies involved investigations of the most basic

character of the dynamics. Turbulence spectra at periods characteristic of the

mesosoale were calculated, and the results were found to have some important

consequences in terms of the direction of energy flow along the spectrum (see

. Appendix I). We concluded that further investigations in this area should be

carried out since basic questions of the predictability of mesosoale flows will

depend on the results. The second part of the investigation was the most

involved. The degree to which the geostrophic balance condition is satisfied

was tested using 40 days of radar data and radiosonde data from the five
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radiosonde stations nearest the location of the radar (see Appendix II).

Geostrophy is of interest both from the point of view of understanding the

dynamics of the flow, and from the point of view of testing the various

objective analysis or data assimilation schemes that are used to initialize

numerical forecast models. The third part of the study involved a review paper

for the Bulletin of the Aj = Meteorological written by M.F. Larsen

from Cornell and J. Rottger from the ax-Plank-Institut fur Aeronomie (see

Appendix III). The review was deemed to be important since it brought together

previous results that were scattered in the literature in a wide variety of

journals, many of which are not readily accessible to the meteorological

community and summarized the present state of synoptic and mesoscale research

using VHF and UHF Doppler radars.

2. esosoale turbulence spectra

Forty days of radar wind data from the end of February to the beginning

of April 1979 were used to investigate turbulence at the meteorological

mesoacale. The radar data was taken with a time resolution of 4 min using two

beams pointing 150 off vertical. It was assumed that the entire contribution

to the line-of-sight velocities was from the horizontal wind components since

no information on the vertical winds was available at that time. The -sin

data were averaged to produce hourly values in order to minimize any

contamination due to large vertical velocities that occur occasionally. The

time series then consisted of 40 days of 1-hour average winds at six heights
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between 3.79-km and 14.79-km altitude. Very little is known about the dynamics

at these time scales.

The turbulence spectra over the height range studied were found to follow

a -5/3 spectral power slope at periods from a few days to a few hours (actually

-1.602.0.250). If the Taylor hypothesis holds and the turbulence is frozen

into the fluid, the frequency and wavenumber spectra will be related by a

constant of proportionality given by the mean wind over the time period

sampled. The -5/3 wavenumber spectrum implies one of two things. It may be

associated with the energy cascading inertial subrange of two-dimensional

turbulence (Gage, 1979) or with a spectrum of buoyancy waves (Dewan, 1979).

Since the energy flow in two-dimensional turbulence is constrained to be from

small to large scales, the former possibility implies that there is an energy

source at large wavenumbers (small horizontal scales) cascading energy toward

larger scales. The implication would be that initial data at very small scales

would be needed in order to predict the evolution of the flow at slightly

larger scales in the mesoscale range. In the second case the spectrum is

characterized by essentially three-dimensional 'turbulence' associated with

strongly interacting buoyancy waves. Most of what is known about this type of

spectrum derives from observations of ocean waves and is generally referred to

as the empirical Garrett-Munk spectrum. Studies of the energy cascade for this

type of spectrum in the ocean indicate that the flow is most likely from large

to small scales (LeBlond and Mysak, 1980). The results of this part of our

study are described in detail in Larsen et al. (1982) reproduced in Appendix I.

The essential characteristic difference between the two types of



turbulence is in the spectrum of the vertical variations. The Garrett-Hunk

spectrum baa a -2.5 vertical wavenumber spectral slope while two-dimensional

turbulence is not expected to have any consistent slope, We could not decide

which was the correct interpretation based on the data available from Poker

Flat since there were only 6 data points in the troposphere and lower

stratosphere. It would be possible to resolve the question using data with a

height resolution of 150 m, something that is easily achievable. The

consequences of the result are important enough that further investigation is

warranted.

3. Geostrophy and objective analysis

Very little is known about the balance conditions in the atmosphere

except at very long time scales (see e.g., Errico, 1982). The pressure and

temperature data provided by the standard National Weather Service radiosondes

are generally of good enough quality to assess the balance, but the errors in

the wind data are too large. For example, Bengtsson et al. (1982) estimated

the error to be approximately 6 a/s above 600 mb. However, the radar wind data

* is high quality data with sufficiently small errors to test the balance

conditions. Also, the high time-resolution data can be averaged in time to get

a better estimate of the wind appropriate for a given time scale.

The balance conditions are important both in terms of the dynamics of the

synoptic and mesoscale flow, and also in terms of the objective analysis

schemes that are used routinely to initialize numerical models for research and

- -..... - -.....- -
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forecasting purposes. Most objective analysis schemes are now multivariate,

utilizing both wind and geopotential height data in deriving the grid of

objectively analyzed values. The goal is to produce a grid of input values

that are free from meteorological noise and are compatible with the model

dynamics. The simplest balance condition used to relate heights and winds is

the geostrophic approximation.

It has been difficult to test the geostrophic balance due to the poor

quality of the balloon wind measurements. We used 40 days of 1-hour average

radar data and radiosonde data from the five nearest radiosonde stations to

test the balance. The geostrophic wind was calculated from the grid of

geopotential height values found by applying the Creasman univarlate objective

analysis scheme to the raw data. The radar measurements were then compared to

the geostrophic wind. The radar winds and the rawinsonde winds were also

compared in order to provide an independent estimate of the accuracy of the

rawinsonde measurement. The root-mean-square difference between the two

Independent wind measurements was found to be 3 to 4 m/s, somewhat better than

the estimate of 6 m/s by Bengtsson et al. (1982). The error decreased to 2 to

3 M/s when the averaging interval for the radar data was increased to 24 hours,

We also found that the r.m.s. difference between the radar and geostrophic

winds and the; rawinsonde and geostrophic winds was 1.5 to 2.0 m/s greater than

the difference between the two wind measurements. The relationship held true

even when the averaging interval was increased from 1 hour to 24 hours. Thus,

the ageostrophic wind component for time scales of 24 hours or less was of the

order of 1.5 to 2.0 m/s.
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The objective analysis schemes that use the geostrophic equation to

relate measured wind data to the height fields for analysis purposes

effectively assume a cross-correlation of 1.0 between the winds and height

gradients at zero spatial separation. The correlations between the measured

winds and the calculated geostrophic winds were also calculated. The

cross-correlations for both the zonal and meridional components was found to be

close to 0.75 essentially independent of height. The results of this study are

described in detail in Larsen (1982) reproduced in Appendix II.

4. Status of synoptic and mesoscale VHF radar research

The literature detailing past and present research using the VHF and UHF

Doppler radar technique has been scattered in a variety of journals. Although

some articles have been published in meteorological journals, many have

appeared in geophysical or radio research journals. With that in mind, part of

the funds provided by AFOSR were used to support the writing of a review

article for the BMIletn o9 t AMm1e an H ttrologil Society. The object of

the review was to acquaint the meteorologist with the research applications of

the radar technique for synoptic and mesoscale research. The article (Larsen

and Rottger, 1982) is reproduced in full in Appendix III.

* I 5. Recommendations for future research
"I

The results presented here show an ambiguity about the direction of

energy flow along the wavenumber spectrum in the mesoscale range. The problem

L L .. ... .. .. .. . . .... .. ... . . . ..-- .. .......
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can be resolved most easily by determining the characteristics of the vertical

wavenumber spectrum. The height resolution of 2.2 km used routinely at the

Poker Flat radar is inadequate for this purpose, but winds measured at 150 a

intervals would be useful. Such data could be provided by the Poker Flat

facility during a special data-taking period or by another radar such as the

Arecibo 430 MHz radar.

We have studied the geostrophy of the flow as it relates to a simple

objective analysis scheme. The accuracy and time resolution of the radar

technique makes it ideal for comparisons of measured and gridded values

produced by the various data assimilation schemes. The test of geostrophy

should be carried out for a longer time series to determine if there is any

dependence on season. The radar data should also be compared to the output

from a normal mode initialization scheme (Daley, 1981). This type of scheme

has several advantages over the simpler schemes. The gridded values are

exactly compatible with the dynamics of the numerical model, yet none of the

meteorologically significant high-frequency information is lost. The normal

mode initialization procedure also provides the amplitudes of both the Hossby

and inertio-gravity wave components and the fast gravity wave components. A

comparison of the output from such a scheme and the radar data will provide an

estimate of the errors associated with various wave components and will provide

a better understanding of the dynamics associated with the various errors.
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Turbulence Spectra in the Upper Troposphere and Lower Stratosphere at Periods
Between 2 Hours and 40 Days

MIGUEL FOLKMAR LARSEN AND MICHAEL C. KELLEY

CosneII Unarsity, Ithaca,. NY 14850

K. S. GAGE

Aerommy Laboratory. NOAA. Boulder, CO 80303

(Manuscript received 19 August 1981, in final form 18 January 1982)

ABSTRACT

Zonal and meridional wind measurements made with the Poker Flat MST radar over a 40-day period
are used to calculate the frequency power spectra at heights between 5.99 and 14.69 ki. The winds used
in the analysis are I h averages of samples taken every 4 min. We find that the spectra follow an f-"'
power law in the range of periods from 2 to 50 h. If the Taylor transformation is valid in this frequency
range, this would imply a k- ' wavenumber spectrum, corresponding to an inertial subrange for two-
dimensional turbulence at the atmospheric mesoscale. These observations support and extend earlier studies
which also show a -5/ power law behavior in the atmospheric mesoscale.

i. Introduction the outer edge of the mesoscale range. The super-
pressure balloons which are flown in the Southern

The study of atmospheric turbulence spectra is Hemisphere have the potential for investigating sub-
important for two reasons. First, the shape of the synoptic scale motions (see, e.g., Cadet, 1978) but
spectrum shows the position of the sources and sinks until recently the temporal resolution has been on
of energy and enstrophy and how nonlinear inter- the order of a day due to problems of data storage
actions distribute these quantities in a statistical and transmission.
sense. Second, the limits of predictability of the at- The NOAA MST (Mesosphere/Stratosphere/
mospheric state depend on the form of the wave- Troposphere) radar located at Poker Flat, Alaska
number power law as shown by the work of Lorenz was put into routine operation in the first months of
[19691 and Leith and Kraichnan (1972). A large 1979. The system has been described in detail by
number of studies have been made with the aim of Balsley et al. (1980), Gage and Balsley (1978) and
defining the frequency or wavenumber power laws. Balsley and Gage (1980). The radar uses the Doppler
In general they fall into one of two categories, those shift of signals backscattered by turbulent fluctua-
dealing with large spatial and temporal scales utiliz- tions in the refractive index to measure line-of-sight
ing rawinsondes (Kao and Wendell, 1970: Kao and velocities. By using three beams pointed in different
Lee, 1977; Julian et al., 1970) or superpressure bal- directions, the complete profile of the vector winds
loons (Mantis, 1963; Wooldridge and Reitcr, 1970; can be determined. The time resolution is only lim-
Desbois, 1975); and those dealing with small scales ited by the integration time required to obtain a good
utilizing data from instrumented aircraft (Kao and signal-to-noise ratio. However, the fact that the
Woods, 1964), meteorological towers or tethered Poker Flat radar is designed to operate unattended
balloons (Chernikov et al., 1969). The part of the means that there is a practical limit imposed on the
spectrum where little information has been available time resolution in order to avoid changing data tapes
is in the atmospheric mesoscale. too often. For this reason the time between successive

The mesoscale is characterized by periods from a profiles is four minutes. In 1979 when the data set
few tens of minutes up to a few days and spatial described here was obtained, only a quarter of the
scales of 1000 km or less. Meteorological towers or full system had been completed. Thus the altitude
tethered balloons are capable of resolving frequencies range in which useful measurements could be ob-
in this range but they cannot operate outside the tained was limited to heights between 5.99 and 14.79
planetary boundary layer. Since rawinsondes are km. The time resolution and height range covered
launched twice per day, the minimum frequency that make the instrument ideal for investigating the power
can be resolved has a period of one day. This is at spectra of motions at synoptic and mesoscales.

0022-4928/82/051035-07505.75
Q 1982 American Meteorological Society
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7. Dscrlpdou of the data set and spectral amalysis The original data is shown in Fig. 1. The five curves
at the top of the figure are for the zonal wind, and

During the time from 23 February to 5 April 1979 the curves at the bottom are for the meridional com-
the Poker Flat radar was operated in a mode with ponent. The data that are shown have not been
two beams at 15 off-vertical, one pointed roughly treated in any way. Both the average for the entire
north and the other roughly east. Computing limi- time series at each height and the variance are given
tations excluded the possibility of operating a third, below the corresponding curve. Each time series was
vertically-pointing beam during that time although screened for occurrences of wind variations >7 ms-1
this situation has been rectified since then. For this between adjacent points. In almost all cases where
original data set it was assumed that the entire con- variations larger than this occurred a large change
tribution to the line-of-sight velocities was due to a in the wind component was found both preceding and
horizontal wind vector. The antenna consisted of a following the questionable data point. A data point
100 m2 phased dipole array, one-fourth the size the such as this was considered to be erroneous and re-
array will have upon completion. Sixteen 100 kW placed by the interpolated value. Removing these
transmitters were used, giving a peak transmitted erroneous data points decreased the amount of vari-
power of 0.8 MW per beam. This configuration to- ability in the high-frequency end of the computed
gether with a 15 As pulsewidth provided one complete power spectra.
profile every 4 rin up to an altitude of 14.69 km and The Fourier transform was computed with an al-
a height resolution of -2.2 km. gorithm described by Singleton (1967). This routine

Coherent integrations and the Fast Fourier Trans- has the advantage that the number of points does not
forms of the received signals are done on line. The have to be a power of 2. After the spectrum was
spectra are then processed at the Aeronomy Lab in calculated it was smoothed by the function
Boulder, Colorado. The processing scheme is de-
scribed in Carter et al. (1980) and provides line-of- P(i) = 1/64(P(i - 3) + 6P( - 2) + 15P(i - 1)
sight Doppler shifts at each height. The assumption + 20P(i) + 15P(i + 1) + 6P(i + 2) + P(i + 3)]
that the entire contribution to the line-of-sight ve-
locities is due to a horizontal wind vector is an in- as suggested by Endlich et al. (1969). The smoothing
creasingly good assumption as the averaging interval decreases the resolution but increases the statistical
is increased. One way to understand this is to con- stability.
sider the polarization relations for gravity waves in
an isothermal atmosphere [given by Beer (1974) for 3. Frequency spectra and wind variability
instance]. The requirement for the validity of the
hydrostatic approximation turns out to be that w2 The resulting spectra are shown in Fig. 2a and b.
4 Wb 2, where w is the angular frequency of the motion Fig. 2a represents the spectra for the zonal compo-
and Wb is the Brunt-Vaisala period. For periods of nent at the five heights, and Fig. 2b shows the cor-
30 min or more the contribution from the vertical responding spectra for the meridional component.
velocity component is certainly negligible. However Spectra at successive heights have been multiplied
for samples taken at intervals less than this, the ver- by a factor of 100 to separate them on the graph.
tical velocity component can contribute significantly. The units for the two spectra at 5.99 km altitude are
To avoid problems of this type, the 4 min data was correct. Least-squares fits of a function of the form
averaged over 1 h intervals centered on the full hour. P(f PoU /fo)
The data thus consists of 42 days of I h average P
horizontal winds. For this study 40 of the days were were made to determine the spectral index ?. Here
used, yielding a time series of 960 points. P is the power, and f is the frequency. The calculated

The time series was treated in several ways before value of n is shown next to the corresponding curve
the spectra were calculated. First, missing data in Fig. 2a and b. A dashed line is used to show the
points were replaced by interpolating between ad- fit. The least-squares computation was carried out
jacent points. The number of missing points was for frequencies in the range from f = 0.015 h-' to
<45, out of the total of 960, for the heights discussed f = 0.45 h- '. The average value of the spectral index
here. Above 14.69 km and below 5.99 km data were for the zonal component is -1.604 ± 0.279. The av-
also available, but the number of missing points was erage value of the index for the meridional compo-
approximately four times as large. After the missing nent is -1.604 ± 0.259. The value of -1.604 is very
data points were replaced by the interpolated values close to -/3. There is no particular reason to expect
the mean was calculated and subtracted. Then a an f - 3 power law; however, if the Taylor transfor-
Hanning window was applied, affecting 96 or 10% mation is valid in this range of frequencies, then a
of the points at each end of the series. The Hanning k-511 power law is implied. This would correspond
window helps to eliminate energy spillage from the to an inertial subrange. There is no independent ev-
low frequency end of the spectrum into the high fre- idence from this study to indicate whether the Taylor
quency end as a result of broadening due to discrete transformation, i.e., that temporal scales are related
sampling. to spatial scales by a constant factor of the mean

.. .. ...... ..... . ... _ I
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FIa. 2. (a) Power spectra for the time series of the zonal component shown in the previous figure. The parameter it at the right of
each spectrum is the least-squares fit value of the spectral index. The average value of the spectral index is - 1 .604 :± 0.279. Spectra
at successive heiglhts have been multiplied by a factor of I00 to separate them on the graph. The axes are correct for the spectrum
at 5.99 1cm. (b) The meridional wind component. The average value of the spectral index is -1.604 ±- 0.259.

t wind over the sampling time, is valid. However, the meteorological mesoscale. He also used the vari-
results of a study by Brown and Robinson (1979) in ability calculated from a 7 h, high resolution, balloon
which European rawinsonde data were used indi- wind measurement experiment and wind measure-
cated that the Taylor transformation can be used for ments made with the Sunset VHF Doppler radar in
spatial scales smaller than 1200 km and at least down Colorado over a 14 h period to show that the lag|
to 200 km. the lower limit of the resolution of the variability defined by
network they used. The corresponding range of pe-
riods where the transformation was valid was in the U. -{[(() - v(r + 1)]2} i

/ :
range less than 2 days.

Gage (1979) summarized the diverse evidence for follows a r' "
'/ power law out to time lags of at least

the existence of a k-SI3 law inertial range at the 3-5 h. This is consistent with a J -513 power law when

" "" II10 'Il : : 
'
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FtO. 3. (a) The variability of the zonal wind as a function of the time lag. The variability is defined
in the text. Curves at successive altitudes have been multiplied by a factor of 10 to separate them on
the graph. The vertical axis labeling is correct for the variance at 10.39-km altitude. (b) As in (a) but
for the mroidional wind component.

the Taylor transformation is valid as shown by Gage 4. Discussion
(1979).

Plots of the variability o, are presented in Fig. 3a In the preceding section it was shown that the fre-
and b for the zonal and meridional wind components quency spectra for motions with periods in the range
respectively. Lines with a slope of +% are super- of 2 h out to -50 h generally follow a -/3 power
imposed on the curves for reference. Successive law. This data set far exceeds any other published
curves have been multiplied by a factor of ten to to date and complements the recent observations of
separate them on the graph. The scale is correct for Balsley and Carter (1982) who obtained spectra at
the variance curve at 10.39 km altitude. Overall, the 8 and 86 km also using the Poker Flat radar and
'A slope gives a reasonable fit to the curves. However, Jasperson (1982) who determined lag variability for
there is a pronounced "bump" with a peak near 25
h at 8.19, 10.39, and 12.59 km which is particularly
noticeable in the zonal wind component. This peak

in the variability should not be confused with a diur- MACE
nal effect since a peak in the variability at 25 h, for
instance, will correspond to a frequency with a period
of 50 h. This can be seen in the spectra shown in Fig.
2a and b. A period of 50 h or 2.1 days would cor-
respond to the wavenumber 3 Rossby-gravity mode U
discussed by Salby (1981) and seen with a numberof other techniques summarized in that paper. The 1N-

peak near 50 h in Fig. 2a corresponds to an amplitude
of 1.4 m s- '. The calculations of Salby (1981) show 0
that the amplitude of the two-day wave decreases .

rapidly with increasing latitude. However, the am-
plitude is still 0.3 to 0.6 of the maximum zonal wind
at the surface even at 65°N. An amplitude of 1.4 m
s-' gives a maximum surface wind of 4.67 m s-' for
the amplitude factor of 0.3. This is not unreasonable. LOG K
A unique feature of the curves for the meridional Fia. 4. Graph illustrating the wavenumber power laws that are
wind is the rapid decrease in the variance for lags discussed in the text. The direction of the flow of energy and
greater than 600 h or 25 days. enstrophy are shown together with the various sources and sinks.
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sequential high-resolution wind profiles. Balsley and day period. Spectral analysis of these winds reveals
Carter found -% law behavior extending over pe- a -/ law behavior. This result adds to the accu-
riods from a few minutes out to close to a day. From mulating evidence in favor of -% law behavior
the results of 26 campaigns of high time-resolution, throughout the atmospheric mesoscale. It also sup-
balloon wind-soundings, Jasperson found a ' power ports the idea of a reverse (energy) cascading two-
law for the lag variability for both components of dimensional inertial subrange in which energy is cas-
the wind under anticyclonic conditions out to at caded from small to large scales (Kraichnan, 1967;
least 4 h (the limit of his analysis). These observa- Gage, 1979; Lilly, 1982). The up-scale cascade pre-
tions taken together with the analysis of Brown and sumably halts when the enstrophy cascading range
Robinson (1979) considerably strengthen the evi- of geostrophic turbulence (Kraichnan, 1967; Char-
dence for -% power law behavior in the atmospheric ney, 1971) is encountered at a scale of -1000 kIn.
mesoscale. As suggested by Gage (1979) this could An alternative explanation for the observed meso-
be the result of a reverse energy cascading inertial scale variability is a spectrum of buoyancy waves
range of two-dimesiona turbulence. (Dewan, 1979; Van Zandt, 1982). In this connection

Although the -/3 law behavior seems indicative Lilly (1982) has recently shown that waves can be
of a turbulence cascade process, others have advo- expected to coexist with two-dimensional turbulence.
cated that mesoscale variability could alternatively A task for the future will be to determine how waves
be due to a spectrum of buoyancy waves (Dewan, and turbulence combine to produce the observed
1979). Indeed, the existence of a spectrum of buoy- spectra.

ancy waves is fairly well accepted in the ocean. This
spectrum has been successfully modeled by Garrett Acknowledgments. We are indebted to B. B. Bal-
and Munk (1972, 1975) and is often referred to as sley, D. Carter and W. Ecklund for all their work
the Garrett-Munk spectrum. The Gararett-Munk in obtaining the data, their helpfulness in furnishing
spectrum has a universal character, and Van Zandt it to us, and their willingness to discuss various as-
(1982) has recently shown that the same kind of pects of it with us. We also thank T. Riddle for his
approach can be applied to the atmosphere as well. efforts in generating the actual data tapes that we

Lilly (1982) has recently considered the contrib- used. This research was supported by Grant AFOSR-
utions of waves and turbulence to the mesoscale vari- 80-0020.
ability in the atmosphere. Extending the analysis of
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L.~r.. A number of experiments have shown that UBF and VE Doppler radars

can make clear air wind measurements in the troposphere and lower stratosphere.

Past comparisons of radar and rawi aonde profiles for a single day have shown

good agreement between the two within the limitations imposed by the spatial

separation between the two measurements. However, the accuracy of the

measurement does not insure that the data are synoptically s&4ficant. A

comparison of 40 days of radiosonde geopotential height and wind data and radar

data from Alaska was carried out to determine the applicability of the radar

data to synoptic meteorology.

Rawinsonde and radar wind time series at a number of different heights

were oompared and the r.m.s, differences calculated. The two independent wind

measurements were also compared to the geostrophic wind obtained from the

geopotential height fields generated by applying the Cresaman objective

analysis scheme to data from five radiosonde stations surrounding the radar

site. The two different wind measurements were most nearly similar with a

difference of 3 to 4 m/s. The radar and balloon winds both differed from the

geostrophic winds by 5 to 6 u/s. The r.m.s. errors decreased as the time over

which the radar winds were averaged was increased. The cross-correlation

between the measured and geostrophic winds was found to approximately 0.75 and

essentially independent of height over the altitude range studied.

1. Introduction

The number of sensitive VPF and UHF Doppler radars being used for

atmospheric research has increased considerably since the first measurements

made by Woodman and Guillen (19T). Radars operating at wavelengths from 10's
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of centimeters to several meters measure the winds from the Doppler shift of

the signal backsoattered from turbulent variations in the refractive index.

Typical height and time resolutions are of the order of 100ts of mters and

several minutes. The technique and some of the early results have been

reviewed by Gage and Balaley (1978), Rottger (1980), and Harper and Gordon

(1980).

The first research applications of the long-wavelength radars were in the

area of microscale dynamics, including turbulence in the troposphere and lower

stratosphere and wave dynamics at scale sizes typical of gavity waves. Over

the past few years there has been increasing interest in using the radar

measurements for synoptic research and as part of the standard observational

network. Larsen and Rottger (1982) have reviewed research applications, and

Balsley and Gage (1982) have discussed some of the considerations involved in

establishing an operational observing system. Carlson and Sundararaman (1982)

have made strong arguments for the economic feasibility of implementing such a

network. One of the most ambitious projects utilizing the radar technique

operationally is part of the PROFS (Prototype Regional Observing and

Forecasting System) program designed to improve mesoscale forecasting over

periods of a day or less. PROFS includes a network of three VHF radars located

in a triangle centered at Boulder, CO. Radar wind profiles are routinely

processed and transmitted to the forecasting office once an hour (Hogg et al.,

1980; Strauch, 1981; Strauch et al., 1982).

The relatively low cost of establishing a facility is part of the appeal

of the radar systems. Also, very little maintenance or other manual
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intervention in required once the facility is in operation (see e.g., Balsley

et al., 1980). The present study was undertaken in order to determine if a VHF

radar system of the type that would most likely be used operationally can

provide wind data that is synoptically mneaind'ul. The radar provides a very

accurate wind measuremnt, i.e., a very accurate measurement of the velocity of

the turbulent scatterers across the beo. The attainable accuracy is muah

greater than what would be useful in practice. However, the precision of the

mesuement may actually coaminate the synoptic wind profile with high

frequency nolse, making the data unusable. Also, the VEF radars typically

operate with large fixed dipole arrays that look within a few degrees of

vertical. Thus scans of large horizontal areas to determine the wind

representative of some area greater than a predetermined horizontal scale size

are not possible. However, it may be that averaging high time-resolution wind

profiles can provide a suitable filtering. The next sections will investigate

the amount of averaging that is necessary.

Errio (1982) has stated, 'Mhe degree to which the atmosphere satisfies

various balance conditions will likely remain unknown for a long time because

the data quality needed for that purpose will likely remain poor.0 The radar

data's accuracy is sufficient to teat the various balance conditions, and in

this paper the simplest one, namely the geostrophio approximation, will be

tested. Geostrophy will be used as a test of the synoptic applicability of the

data, but the extent to which this relationship is satisfied is also of

interest from the point of view of the various objective analysis schemes that

use the approximation to relate the prediction error covariances between the

- .-- - - -
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geopotential height and the wind components (see e.g., Bengtsson at al., 1982;

Solatter, 1975).

2. Synoptic applicability

The general meaning of synoptic applicability is clear based on the

discussion above, but a specific quantitative comparison was needed for this

study. The problem is, in fact, closely related to the problems of data

assimilation and objective analysis for numerical models (see e.g., Beatsson

et al., 1981). The latter attempts to treat a set of observations in such a

way that high frequency waves that lead to numerical instabilities are

elilmnated. A balance condition of one kind or another is used to accomplish

this, the simplest being a geostrophic balance (e.g., Cressman, 1959) and the

most complicated being the balance derived from the model dynamics and termed

normal mode initialization (e.g., Daley, 198t).

In this study I will compare radar wind data taken over a 30 day period

from March 1 to April 1, 1979 and radiosonde data taken at the standard

observational hours during the same period. The radar is located at Poker

Flat, Alaska (see Balsley et al., 1980 for a description), and the nearest

radiosonde station is at Fairbanks, 35 km southeast of the radar. The radar

measures one complete wind profile every 4 min between the surface and 14.79

km, but these high time-resolution measurements are likely to be contaminated

by high-frequency meteorological wnoie.w In order to test whether or not the

radar can provide useful synoptic scale wind information, comparisons were made

between the geostrophic wind derived by applying an objective analysis scheme

to the geopotential height data from five surrounding radiosonde stations and

4!.



the radar winds averaged over various time intervals. Radar and rawinsonde

winds were also compared.

A test o geostroph y is not the best test possible, but a simple, yet

useful, comparison was needed for the purpose of this initial study. Also, the

differences between the radar, rawinsonde, and geostrophic winds are of

interest from the point of view of the multivariate objective analysis schemes

that use geostrophy to relate height-height autocorrelations to the height-wind

oross-correlations (e.g., Rutherford, 1973; SchIatter, 1975; Schlatter et al.,

1976; Bergman, 1979; Loree, 1982). Finally, the radar wind measurements are

the first independent measurements with accuracy and height resolution

comparable to or better than the rawinsonde. The results of this study show

that the radar and rawinsonde measurements are most similar in the r.m.s. (root

mean square) sense, and both differ from the geostrophic wind by approximately

the same amount.

I will describe the radar and radiosonde data sets in the next section.

Radar and rawinsonde wind measurements are compared in the following section.

Next, radar and ravinsonde measurements are compared to the geostrophio winds

derived from the geopotential height data. The last section contains a general

discussion of the implications of the results.

43. Description of the data sets
4

During the spring of 1979, the Poker Flat MST radar consisted of a 100 m

x 100 m fixed dipole array. The antenna size has since been expanded to 200 m

x 200 m. The horizontal wind vector was measured by two beams pointed 150s

off vertical, one with an azimuth pointing close to north and one pointing
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close to east. Corrections were applied to the data to get the exact zonal and

merldional wind components. One complete wind profile was obtained every 4 min

with a height resolution of 2.2 km. In the troposphere and lower stratosphere

wind data was routinely available at six consecutive heights beginning at 3.79-

km altitude. All altitudes for radar data referred to from here on are at the

center of the range gate. The wind measurement is in some sense an average

over 2.2 km weighted by the intensity of the turbulent layers in the volume

illuminated by the radar beam. Sato and Fukao (1982) have pointed out that

having a number of turbulent layers within the range gate can lead to errors in

the measurement if there is a strong shear across the range gate. However,

such an ef'eoct will not be considered further here.

The signal voltages measured by the receiver are Fourier Transformed to

obtain the Doppler spectrum. The frequency spectrum measured by scattering

from a turbulent process will be a Gaussian for a normal randw;. proces, as

discussed by Woodman and Guillen (19T7) and others. The acciracy with which

the velocity of the turbulent scatterers in the radar volume can be determined

is only limited by the rate at which the signal is sampled and the accuracy

with which the Gaussian can be fit to the spectrum. Accuracies better than 1

cm/s can be achieved in practice, but there is no need to measure the

horizontal wind components that accurately. The error for the radar data

discussed here is approximately 1 i/s. When all three wind components are

* measured simultaneously, the vertical beam is sampled at a higher rate than the

off-vertical beams to attain the much higher accuracy needed for vertical

velocity measurements.

-.. . , . - - ,
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The horizontal vector winds were derived from the off-vertical wind

components with the assumption that the vertical velocity was negligible. In

most cases such an assumption is justified as more recent data sets in which

all three wind components were measured have shown (T. Riddle, Aeronomy Lab,

NOAA, private comunication, 1982). However, there are times when the vertical

velocity can make a significant contribution over a period spanning several

consecutive profiles. In order to Minimize any such effect, the radar wind

data was averaged over an hour. The time series of the hourly-average zonal

and meridional wind components are plotted in Figure 1 taken from Larsen et al.

(1982).

The radiosonde data provided by the National Climatic Center is from the

five nearest National Weather Service (CUS) radiosonde stations as shown in

Figure 2. Only launches at 00 GMT and 12 GHT are available for the period

discussed here. No supplemental launches are included in the data set. The

radiosonde station closest to Poker Flat is at Fairbanks, 35 k1 southeast of

the radar site. Anchorage, McGrath, Barter Island, and Yakutat are 455 ka, 76

km, 572 km, and 764 km from the radar site respectively.

The balloon wind data was interpolated linearly between the two nearest

significant levels to the altitude corresponding to the center of each of the

radar range gates. The interpolation was applied independently to the speed

and the direction. The pressure at the seven different radar heights was

determined from the Fairbanks radiosonde data. The formula for a hydrostatic

atmosphere with a constant lapse rate was used to interpolate the pressure

between the two nearest significant levels. The same formula was then applied
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to the radiosonde data from the other four stations to find the height of the

pressure surface intersecting the center of each of the radar range gates.

4. Comparison of radar and rawinsonde wind measurements

The rawinsonde and radar winds for the period from March 1 to April 1,

1979 are plotted in Figure 3 for seven consecutive heights. The heavy solid

line is the rawinsonde measurement and the light dashed line is the radar

measurement. The signal-to-noise ratio at 16.99 im is too low to derive a

meaningful signal from the echoes, but the time series at this height has been

plotted for reference nonetheless. The radar winds are 1-hour averages as

mentioned previously while the rawinsonde data is from a single ascent. The

root-man-square (r.a.s.) difference between the two measurements is indicated

by the quantity labeled sigma".

The two curves follow each other very closely until day 78 but deviate

significantly from each other after that. The r.m.s. differences range from a

minimum of 3.21 m/s to a maximum of 9.30 M/s in the zonal component and from a

minimum of 4.66 Z/s to a maximum of 12.73 m/s in the meridional component. The

variation of sigma with height follows the variation of the mean wind for the

period as a function of height. The mean wind has been plotted in Figure 4.

Sohlatter (1975) also found that the difference between the objectively

analyzed wind and the measured wind varied as the mean wind profile.

The differences in the winds measured at the two locations with the two

different techniques can be attributed to a combination of three factors.

First there are errors in the wind measurements. Second there is variability

in the wind over the distance between the two sites. Third there is temporal

-~ - -- -- --. -~- --
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variability. The rawinsonde taken approximately 1 hour to ascend through the

height range where reliable measurements can be made by the radar. The radar

measurements presented here are 1-hour averages, but the ravinsonde will only

spend a few minutes within any one of the radars range gates.

It should be possible to decrease the r.ms. differences between the two

wind measurements by averaging the measurements over longer time intervals if

some of the difference is due to small-scale temporal and spatial variability

and if the winds are statistically well behaved. Indeed, that is the case.

Figure 5 shows the comparison between the 24 -hour average rawinsonde and radar

winds. The radar average consists of 24 hours of wind profiles taken every 4

minutes. The rawinsonde average consists of three wind profiles, one taken at

either 00 or 12 GMT and the profile preceding and following it. The r.m.s.

differences have decreased to a maximum of 6.52 m/s in the zonal component and

a maximum of 7.33 in the merldional component.

Figure 6 shows a comparison of the 12-hour average radar winds and the

winds measured by individual rawinsonde ascents. In other words, the averaging

interval has been increased for the radar when compared to Figure 3 but not for

the rawinsonde. The r.m.s-. differences still decrease significantly when

compared to the case of the 1-hour averages. The difference between Figures 3

and 6 is primarily that many of the large spikes in the radar data have been

eliminated. The original time series shown in Figure 1 have quite a few large

spikes. Some of them are isolated, but a number of them occur during periods

of high variability indicating that they are likely to be real. Averaging

decreases the large errors that arise due to this effect. The rawinsonde winds
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do not exhibit any of these spikes in spite of the fact that they are not

averaged over long time intervals as the radar winds are. However, the

profiles arwe routinely edited to delete wind data at any heights characterized

by large changes in wind direction or wind speed over 1 to 2 min intervals

during the ascent. An attempt was made to subject the radar data to the same

type at screening. The exact criteria could not be applied since I to 2 sin of

balloon ascent correspond to approximately 300 to 600 m. The height resolution

of the radar measurements is 2.2 km. Thus, the rawinsonde criteria were

linearly extrapolated by multiplying the change over 600 m by the appropriate

factor to got the corresponding change over 2.2 km. There is little doubt that

the two procedures are not equivalent. In any case, there was little

difference between the results when the error criteria were and were not

applied to the radar data.

Figures 3, 5, and 6 all show a similar behavior in one respect. The

agreement between the radar and rawinsonde wind measurements is quite good

until day 78. After that a large discrepancy arises. One would suspect that

most of the r.2.s. difference between the two measurements is attributable to

the period from day 78 til. the end* I will show later that the statistics are

quite different for the first half and the last half of the month and discuss

possible reasons for such an effect.

5. Comparison of measured winds and geostrophic winds

The Cresaman analysis is an objective analysis scheme used to interpolate

data from irregularly spaced grid points to a regular grid suitable for

analysis or input to a numerical model. Given a series of observations fi'

-- -
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where the index £ ranges over the number of observations that influence the

grid point, the value of f at the grid point fg will be given by

g X

The quantity fge is an initial guess of the value of f at the grid point. The

initial value will be modified by the observed changes from the initial guesses

at the observation points given by fi,'fo-fiO. The actual observed value is

fjo. The weighting function is given by CifuI/n.(R2-D2)/(R4 D2) where R is the

radius of influence and D is the distance from the observation point to the

grid point. The weight is zero if D is greater than R. The distance D was

calculated from the formula given by Schlatter (19T5)

D -rE{ (-i)Cos 2 -'(1/2(9g+6i) ( ag*£) Y/2 (2)

j where rE is the radius of the earth, e is latitude, and 0 is longitude. The

form of the objective analysis scheme used here has been described in detail by

Kruger (1969).

The geostrophic wind components were derived from the observed values of

the geopotential height at the five radiosonde stations shown in Figure 2.

Values were interpolated to a grid with a spacing of 100 km and aligned along

the north-south and east-west axes. The central grid point was positioned to

coincide with the location of the Poker Flat radar. Typically, the

interpolation procedure would be confined to fixed pressure surfaces. However,

the radar measures the velocity at a fixed height irrespective of pressure.

Thus, tbhe initial guesses of the geopotential height at the observation points
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had to be derived In a slightly different way. The pressure at the height of

the seven different radar ranges was calculated based on the Fairbanks

sounding. The height of the corresponding pressure surface at the four

surrounding radiosonde stations was calculated, and the derived height values

at a given station were then averaged for the entire 40 day period during which

data was available. Therefore, the initial or climatological value of the

height at a given radiosonde station is the average geopotential height, for

the period, of the average pressure surface corresponding to the height of the

radar range gate at Poker Flat.

The 24-hour average radar winds are plotted in Figure 7 together with the

geostrophic wind calculated from the height field obtained by applying the

procedure described above. The r.m.s. differences are larger than those

between the radar and ravinsonde wind measurements. Also, the errors are much

larger in the merldional component than in the zonal component. It appears

that most of the contribution to the large r.m.s. differences come from the

second half of the time series. Figure 8 is similar to Figure 7 but shows the

24-hour average rawinsonde winds as opposed to the 24-hour average radar winds.

The r.m.s. differences between the two wind measurements and the geostrophic

winds are comparable, but that is not surprising since it was noted in the last

section that the two wind measurements are very similar.

The behavior of the differences between the radar winds and the

geostrophic winds is sunarized in Figures ga and 9b. The error decreases as

the averaging Interval is increased in both the zonal and meridional component.

Although, the error decreases si3gificantly when the averaging interval is

'-a - . --. 4*fi f.-



141

increased from 1 hour to 12 hours, particularly in the meridional component,

the reduction is relatively small when the averaging interval is inoreased

further. The error is much larger in the meridional component than in the

zonal component. The overall shape of the curves is very similar to the shape

of the mean wind profile shown in Figure 4.

The r.ms. differences between the three 21-hour ave-raes are shown in

Figures 10a for the zonal component and 10b for the meridional component.

Theroe is very little difference between the three for the zonal component,

although the radar and balloon wind measurements are most similar at the two

highest altitudes. The radar and balloon winds are moat similar for the

meridional component except at the two lowest altitudes. It appears that in

general the differences between the two independent wind measurements are

smaller than the differences between the measured and geostrophia winds, but

the changes are so small that it is difficult to justify any inferences on the

basis of these results. However, when the first and second half of the data

sets are treated separately, the relationship is much clearer.

6. Comparison of first and second half of data set

A close examination of Figures 3, 5, 6, 7, and 8 shows that most of the

contribution to the r.m.s. differences between the radar and rawinsonde winds,

-- the radar winds and the geostrophic wind, and the ravinsonde winds and the

geostrophic winds derives from the time period between day 78 and day 92, the

end of the period when data is available. The time series were divided into

two segents, one from March 1 to March 16 and the other from March 17 to April

1. The r.m.s. differences were calculated for each half for 1-hour and 2-hour



averages. The large deviations occur later than March 17, but the data set was

divided in halt so as not to change the statistics simply due to differences in

the number of samples in each set.

Table I shows that all errors are comparable in the second half of the

data set for both the 1-hour and 24-hour averages. However, the relationships

that emerged when the time period was treated as a whole are much clearer in

the first halt. When a 1-hour average of the radar data is compared to a

single rawinsonde ascent, the differences are 3.19 M/s in the zonal component

and 4.03 m/s in the meridional component. The differences between the radar

and geostrophic winds, and the rawinsonde and geostrophio winds are nearly

identical and 1.5 to 2.0 M/s greater than the difference between the radar and

rawinsonde winds. veraging for 24 hours decreases the difference between the

two independent wind measurements to 2.21 u/s and 3.10 m/s. The difference

between the measured winds and the geostrophic winds is still 1.5 to 2.0 m/s

greater than the difference between the two wind measurements.

7. Effect of varying the radius of influence

All of -the curves so far have shown results for a Cresaman objective

analysis scheme with a radius of influence of 750 km. This particular radius

was chosen because it was the optimum value when the entire height range where

radar data was available was considered. Figures 11a and 11b show the r.2.s.

differences between the 24-hour average radar winds and the geostrophic winds

as a function of the radius of influence. The 750 km value gives the beat

result over all, although at the two lowest altitudes the best result is

achieved when RIOO0 km. However, the difference in the errors when the larger

.--. r-n ~~ a
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value is used is very small below the tropopause but aa amount to 1 to 2 m/s

at the troDopause and in the lower stratosphere. A alus of influence of 750

km also gives the best result for the meridional component, but the error is

much less dependent on the radius chosen in this component than in the zonal

component.

The Gandir objective analysis scheme described by [ruger (1969) was also

tested. The basic difference is In the weighting function. While the Cresman

analysis uses a parabolic weighting function, the Gandin method uses a Gaussian

weighting, and both schemes are univariate. I will not present the results in

graphic form since the difference in all cases was only a fraction of a m/s,

les than the accuracy of the radar measurements during the spring of 1979.

The Cressman analysis is often applied in a series of successive scans

(Creassan, 1959; Otto-Bliesner et al., 1979). A large radius of influence is

chosen initially so as to include information from many stations surrounding

the grid point. The radius is then decreased suOOessively, until finally only

the nearest stations affect the analyzed value. The sucQessive scans method

was also applied to the Alaska radiosonde data. The initial radius was 2000

km, and it was decreased by 400 km in each of four successive passes through

the data. The result of this analysis was actually worse than the single scan

with a radius of 750 km. The average difference in the r.m.s. error was

slightly greater than 1 /s. The successive scans method produced more

variability in the geostrophio winds calculated from the analyzed geopotential

height fields, but the short term variations did not improve the agreement with

the radar or rawinsonde winds.

- -. ; *
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8. Correlation between winds and geopotential heights

The correlation coefficients between the zonal winds and geopotential

heights are plotted in Figure 12. Multivariate objective analysis schemes such

as those of Schlatter (1975), Rutherford (1973), and Bergman (1979) carry out

the objective analysis procedure based on both height and wind data. The wind

information supplements the observed height field data when the two quantities

are related through the geostrophic relation. The procedure in effect assumes

that the correlation between the height fields and the winds is unity at zero

spatial separation. Figure 12 shows the correlation coefficient for a 2-hour

average wind to be nearly independent of height with a value of approximately

0.75.

Since the statistics for the r.2.s. differences were clearly very

different for the first and second half of the data sets, the correlation

coefficients were also calculated separately for each half. The results are
Ii

shown in Table II. The correlations are nearly identical in both halves unlike

the situation for the r.ms. differences. When the averaging interval is

increased from 1 hour to 24 hours, the correlations increase for both the

radar/rawinsonde comparison and the radar/geostrophic wind comparison. The

same is not true for the rawinsonde/geostrophic wind comparison. The

correlation coefficients are virtually identical for the 1-hour average, i.e.,

single profile, and 214-hour average, i.e., three-profile, comparisons. Again,

the filtering applied to the height variations in the balloon wind measurements

is a possible explanation for this result.

9. Comparison with earlier results
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Most previous estimates of the synoptic error of the rawinsonde wind

measurements have involved comparisons of observed values and the output gid

values from numerical models or objective analysis procedures (e.g., Lyne et

al., 1982; Bergman, 1979; Bengtsson et al., 1982). Such an approach was

necessitated by the lack of another measurement technique with accuracy

comparable to the rawinsonde measurement as shown in the article by Bengtsson

et al. (1982) where a summary of the estimated accuracies of the various wind

measurements used operationally is presented. Also, the comparison between

observations and model or objective analysis output is of direct interest since

it provides a direct estimate of the magnitude of the unbalanced wind component

in the observation.

Lyne et al. (1982) found the error to be between 3 m/s at low levels and

4 u/s and high levels near 100 mb. Their results are roughly consistent with,

though smaller than, the range of 2 to 6 m/s given by Bengtsson at al. (1982).

Both sets of errors are much smaller than the best case estimate of 7.98 M/s at

500 mb calculated by Bergman (1979). However, the latter was based on assumed

values for the magnitude of the errors that are needed for the optimum

interpolation objective analysis scheme. The errors found in this study by

direct comparison of the balloon and radar measurements were 3.19 u/s for the

zonal component and 4.03 u/s for the meridional component, in good agreement

with the results of Lyne et al. (1982). Since there is a 35-km separation

between the radar facility and the rawinsonde station, there is an error

component due to small-scale spatial variations. I-wever, the 4-min radar data

were averaged for an hour in order to reduce such effeQts. The P.m.s.

Li~ -k. .
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difference between the two wind measurements decreased by approximately 1 m/a

when the averagsin interval was increased to 24 hours.

The high-time resolution wind masurements and the comparison with the

balloon data has made it possible to obtain an estimate of the msagItude of the

ageostrophio wind component based directly on measurements. Although the

difference between the radar and balloon wind measurements decreased as the

averaging interval increased, the difference between the measured wind and the

geostrophic wind remained constant at approximately 2 m/s (Table I shows the

exact values).

Table I shows that there is a clear difference between the first half of

the period studied and the second half. In the first half, the two wind

measurements are very similar and the estimate of the ageostrophic wind

component is the same based on both techniques. In the second L.alf, the

differences between the radar and balloon wind measurements are much larger

than in the first half, and the difference between the measured and geostrophic

winds is about the same as the difference between the two independent wind

measurements. The data processing for the radar data did not change in any way

during the month, and none of the radar components such as transmitters or

receivers were modified or failed during this period. Thus, there is no reason

to expect a deterioration in the quality of the radar data. Also, the

comparisons involving the balloon measurements are as poor at this time as
1

those involving the radar. I have examined the 500-mb charts for the entir'e

period, but there was no fundamental differences in the overall flow pattern

during the first and second half of the month. One difference that is evident

... ..-- - -... ...... ..... . . --
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in Figure 1 is the amount of short term variability in the radar data after the

time labeled 600 hours. Aside from the episode of very large and rapid

variations at 720 hours, there is consistently more variability overall. Table

III shows the variance of the radar winds at each height for the first and

second half of the period and supports this conclusion. Warner Ecklund

(Aeronomy Lab, NOAA, private communication, 1982) has indicated that a major

difference between summer and winter data both at Poker Flat, Alaska and

Platteville, Colorado is in the amount of power in small time-scale

variability, although he was not aware of any sharp transitions such as the one

noted here. Whether this is indeed a sunmer/winter transition effect will have

to be investigated further.

10. Conclusion

This study has shown that a VEF radar operated continuously in a mode

such as the Poker Flat M3T radar can provide synoptically meaningful data.

Comparison of the radar wind measurements and radiosonde pressure and wind data

has made it possible to assess the accuracy of the rawinsonde directly and to

estimate the magnitude of the ageostrophic wind component. The balloon wind

measurement error was found to be comparable to errors found by Lyne et al.

(1982) using a primitive equation numerical model and four-dimensional data

assimilation during the FGGE experiment. As the averaging interval was

increased, the error decreased further.

If the radar data is used in the future for synoptic applications, the

data will either have to be averaged temporally over some period appropriate to

the numerical model that is used or a vertical variation filter such as that
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applied to the rawinsonde data will have to applied. The results of this study

will help in designing criteria for the former case. The latter case could not

be investigated using the Poker Flat data that is presently available since the

height resolution is too coarse to apply the empirical rawinsonde filters.

The data set studied here was the first long time series of horizontal

winds produced by the Poker Flat radar. Beginning in the early part of 1981,

the radar was operated continuously and measured all three wind components

simultaneously. The longer data set should be used to check the preliminry

results presented here, including the possibility of a seasonal variation in

the short term variability. Finally, the same types of comparisons should be

carried out with some of the better objective analysis schemes that are now

available. In particular, the normal mode method has many advantages in that

it not only produces analyzed fields that are exactly consistent with a given

numerical model, but it can also be used to determine the contributions from

the fast (gravity wave) and slow (inertio-gravity and Rossby wave) components

separately.

The radar measurements have been shown to produce data of a quality that

is at least comparable to the earlier estimates of accuracy of the rawinsonde

when the radar data is averaged for an hour or more. Of course, that is not

the limit of the usefulness of the radar data since it can routinely provide 1-

hour or even higher time resolution data. Such a capability will become

increasingly useful as the smallest scales resolved by numerical models

decreases further.

- I am grateful to Ben B. Balsley, Dave Carter, and Warner
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Eoklund of the Aeronor Lab at NOLL for many useful discussions concerning the

radar data, and particularly to Tony Riddle for generating data tapes in a

convenient format and for answering many questions about the data processing.

This research was sponsored by the Air Force Office of Scientific Research

under grant AFOSR-80-0020.
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Figure Captions

Figure 1. Original data set of 30 days of hourly values measured by the Poker
Flat, Alaska MST radar beginning on March 1 and ending on April 1, 1979. The
top half of the figure is for the zonal wind and the bottom half is for the
meridional wind oomponent.

Figure 2. Map showing the location of the five radiosonde stations closest to
the site of the Poker Flat radar.

Figure 3. Comparison of 1-hour average radar winds (light dashed line) and
rawinsonde wind measurements (heavy solid line) at seven Successive heights
during March 1979. The P.m.s. (root-mean-square) differences are shown at
bottom right-hand-side of each box.

Figure 4. Mean wind profile for the 30 day period based on the radar wind
measurements. The zonal and meridional wind components were averaged
separately to determine the curves.

Figure 5. Comparison of 24-hour average radar winds (light dashed line) and
averages of three successive rawinsonde wind measurements (heavy solid -tne).

Figure 6. Comparison of 12-hour average radar winds (light dashed line) and
single rawinsonde measurements (heavy solid line).

Figure 7. Comparison of 24-hour average radar winds (light dashed line) and
the geostrophic wind (heavy solid line). The geostrophic wind was calculated
from a grid of geopotential. height values derived using the Cressman objective
analysis scheme with a radius of influence of 750 km.

Figure 8. Same as Figure 7 but for an average of three successive ravinsonde
measurements instead of the radar wind measurements.

Figure ga. Summary plot of the r.m.s. differences beween the zonal component
of the radar winds and geostrophic winds for various averaging intervals.

Figure 9b. Same as Figure 9a but for the meridional wind component.

Figure lOa. Summary plot of the r.m.s. differences for the radar/geostrophic
wind, radar/ awinsonde, and rawinsonde/geostrophic wind comparisons for the
zonal component.

Figure lob. Same as Figure loa but for the meridional wind component.

Figure 11a. Differences between the 24-hour average radar winds and the
geostrophic winds for various radii of influence for the zonal wind component.

-i'.
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Figure 11b. Same as Figure 11a but for the meidional oouponent.

Figure 12. Cross-oorrelation between the 24-houw average radar and geostrophi
winds, between the radar and rawinsonde winds, and between averages or three
sucoessive rawimonde measurements and the geostropbhl winds. The oorrelations
are for the zonal wind coponent. Values for the meridional oomponent are
similar.
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I-HOUR AVERAGES

3/1/79-3/16/79 3/17/79-4/1/79
u V u

RADAR vs. RAwINisoND 3.19 4.03 8.45 10.70

RADAR vs. CaessAm ANALYSIS 5.67 5.57 8.40 12.37

RA WINSONDE VS. CRESSMAN 6.54 5.30 6.08 8.84

ANALYS IS

24-HOUR AVERAGES

3/1/79-3/16/79 3/17/79-4/1/79

U V U V

SRADAR VS. RAWINSONDE 2.21 3.10 5.59 6.44

RADAR VS. CRESSRAN ANALYSIS 4.66 4.60 5.79 8.95

RAWINSONDE VS. CRESS'AN 5.29 4.60 5.20 8.22

ANALYS IS

Table .

LA



1-HOUR AVERAGES

3/1/79-3/16/79 3/17/79-4/1/79

U V U V

RADAR VS. RAWINSONDE 0.541 0,529 0.522 0.550

RADAR VS. CRESSMAN ANALYSIS 0,589 0.470 0.545 0.504

RAWINSONDE VS, CRESSMAN 0.661 0.734 0.676 0.829

ANALYSIS

24-HOUR AVERAGES

3/1/79-3/16/79 3/17/79-4/1/79

U V U V

RADAR VS, RAWINSONDE 0,768 0,712 0,702 0.834

RADAR VS. CRESSMAN ANALYSIS 0.700 0,503 0.682 0.685

RAWINSONDE VS, CRESSMAN 0,691 0,731 0.712 0.826

ANALYSIS

Table 2



VARIANCES OF RADAR WINDS

3/1/79-3/16/79 3/17/79-4/1/79

U V U V

3.79 KM 4.40 2.49 5.89 8.24

5.99 KM 4.88 2.89 7.44 6.36

8.19 KM 8.67 6.10 11.39 16.72

10.39 KM 6.63 6.15 11.51 16.40

12,59 KM 5.14 5.75 8.39 13,04

14.79 KM 7,96 9.79 10.05 12.78

TABLE III

-I
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VHF and UHF Doppler Radars M. F. LaJn' and I Rttger2

as Tools for Synoptic Research

Abstract means that a better estimate of the wind over longer time
scales is possible when the influence of the variability over

Applications of VHF and UHF Doppler radars to research in synop- short time scales can be eliminated by averaging. Rawin-
tic meteorology are reviewed. We find that these radars show great sonde data are not necessarily representative of the mean
potential for studies of large scales, but the area of research where wind over the 12 h period between successi've balloon
the instruments really excel is in studying the interaction between the
synoptic scale and the mesoscale. Several examples of results in both launches, The radars also have the unique capability of
these areas are presented. Finally, the potential for operational use measuring vertical velocities with great accuracy and good
of the radar systems is discussed, time resolution on a routine basis. Although vertical velocity

measurements can be made by other techniques, the radars
cannot be rivaled, as far as observing for long periods is con-
cerned. Since so much of synoptic meteorology involves the

1. IntrodUkOfln prediction of vertical velocities, this facet makes the radar a
valuable asset to the field in and of itself. It also has been dis-

Sensitive VHF and UHF Doppler radars are providing a covered that meter-wavelength radars are capable of detect-
powerful new tool for investigations of the dynamics of the ing inversions in the temperature profile. Enhanced reflec-
atmosphere at small scales typically associated with gravity tions occur at a level just above the beginning of an inversion:
waves and 3-dimensional turbulence. VHF is characterized this is providing valuable information about the height of the
by wavelengths between 10 m and I m, and UHF corres- tropopause, as well as an interesting view of the structure of
ponds to the range from 1 m to 10 cm. The radars measure frontal systems.
the winds by detecting backscatter from turbulent variations The exchange of air between the stratosphere and tropo-
in the refractive index. i.e.. humidity, temperature, and den- sphere at mid-latitudes occurs primarily in association with
sity variations. The measurement technique and many of the the tropopause folding mechanism that occurs at the junc-
observations have been described by Gage and Balsley tion between the cold-frontal surface and the troposphere.
(1978). Balsley and Gage (1980). R6ttger (1980). and Harper The intrusions of stratospheric air occur in regions with a
and Gordon (1980). Many of these coherent radars have high horizontal scale of a few hundred kilometers and a vertical
power transmitters and large antennas that enable them to scale of I km (Holton. 198 1). The radar measurements have
detect the small backscattered power to altitudes in the strato- the height resolution necessary to study this process in detail
sphere and mesosphere. The great sensitivity of the radars and provide the vertical velocity measurements that are
makes it feasible to obtain wind profiles with height and time needed to understand the dynamics of mixing across the
resolution of the order of 100s of meters and minutes. mak- tropopause.
ing the technique a natural candidate for investigations of All the topics mentioned above are far from being corn-
relatively small-scale phenomena. Indeed, a great deal of pletely explored. Most of the areas of investigation are still in
light is already being shed on the dynamics of the microscale their infancy. However. the results to date already indicate
in the troposphere and lower stratosphere, something about the potential of the UHF and VHF Doppler radars for syn-
which little is known. It is only within the past few years that - ptic research and for studies of the interaction between the
the usefulness of the radar data for applications in synoptic synoptic and mesoscale. In this review we shall present what
meteorology has become apparent. Because the topic has not we believe are some of the more interesting results of recent
been discussed fully in the past. we shall concentrate on this investigations in the field and discuss some of the possibilities
aspect. for future research. We shall also touch on the feasibility of

The excellent time and height resolution afforded by the operational use of the radars.
radars make them an excellent tool for investigating micro-
scale dynamics. However. these same features are no less
valuable for studies of larger scales. The high time resolution

2. The measurement technique
'School of Electrical Engineering. Cornell University. Ithaca.

N.Y. 14853. The general features of Doppler radar velocity measure-
2 EISCAT Scientific Association. Box 705. S-98127 Kiruna. Sweden. ments have been described by others (e.g.. Wilson and Miller.

On leave from Max Planck Institdt ftr Aeronomie. 3411 Katlenburg-
Lindau 3. Federal Republic of Germany. 1972 Battan. 1973; Doviak etal.. 1979). We shall not review

the basic theory (See Balsley and Gage (1982) in this issue for

0003-0007/82/090996-13S07.25 a complete review I but merely describe the particular aspects
o 1982 American Meteorological Society of the problem that relate to the UHF and VHF radars. The
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pulsed Doppler radars emit either a single pulse or a train of as a function of azimuth and height (Lhermitte and Atlas.
pulses of electromagnetic radiation, and some of the energy 1963; Wilson and Miller, 1972). If the winds do not vary over
is backscattered when variations in the refractive index struc- the cone traced out by the beam. and the velocity is strictly
ture of the atmosphere at scales of half the radar wavelength horizontal, the velocity measured by the radar will vary sinus-
are encountered. By measuring the frequency of the returned oidally as a function of the azimuth. A nonzero vertical ve-
signal, the small change in frequency due to the motion of the locity component will create an offset in the sinusoid. The
scatterers can be determined. The Doppler shift in frequency main advantage of the VAD technique is that in theory at
can then be related directly to the line-of-sight velocity of the least, variations of the winds over the sampling cone due to
turbulent variations in the refractive index. If the turbulent divergences or rotations in the wind field also can be resolved
variations are "frozen" in the medium during the time it by this technique if more Fourier components than just the
takes to cross the radar beam (the Taylor hypothesis), the first order sinusoid are included in the fit. In spite of this ad-
Doppler velocity is then a measure of the mean motion of the vantage, the information has not really been put to practical
atmosphere over the volume that the radar illuminates, use in any of the experiments that we are aware of. The other

The accuracy of the radar-deduced winds has been tested two techniques described next require the assumption of
by comparisons of radar wind profiles and rawinsonde pro- homogeneity in the wind over the spatial separation of the
files from nearby stations (Balsley and Farley. 1976; Farley et beams in order to resolve the vector wind. The major disad-
al.. 1979; Strauch, 1981). However, a comparison between vantage ofthe VAD technique is that the need fora steerable
the measurements of a 6 m and a 3 cm radar also has been dish antenna puts a practical limit on the antenna size.
carried out (Strauch et al.. 1982). The microwave radar The second method of determining the vector wind is to
makes wind measurements indirectly by measuring the ye- use a fixed dipole array (Woodman and Guillen. 1974). By
locity of precipitating particles, but it is highly accurate, par- phasing the signal fed to the various parts of the array, the
ticularly when snow is present. The comparisons were car- transmitted beam can be moved offvertical. The vector wind
tied out under theappropriateconditionsandgoodagreement can be determined uniquely by pointing beams in three dif-
was achieved, thus circumventing the problem that usually ferent directions in what amounts to a simplified VAD tech-
arises when the radar measurements are compared to rawin- nique. Usually one beam is pointed in the vertical direction
sonde measurements. The agreement is usually good, but not and two in the off-vertical direction at an angle of 50 to 15.
perfect, and the differences are then attributed to variations The Poker Flat MST (Mesosphere. Stratosphere. Tropo-
over the spatial separation between the balloon ascent and sphere) radar is operated in this configuration, for example
the radar facility. (Balsley etal., 1980). The main advantages of this type ofsys-

Given that the line-of-sight velocities can be obtained, tem are that the antenna is easy to construct and relatively
there are three methods in use for determining the vector inexpensive. Also. antenna arrays with dimensions as large as
winds. The first is the VAD (velocity azimuth display) tech- 200 m X 200 m can be utilized, something that would be very
nique in which a steerable antenna beam. pointed at some difficult with a steerable dish system. The disadvantages are
angle off zenith, is used to measure the line-of-sight velocity that for large antennas, considerable real estate is involved

I
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FIG. I. Vertical velocities measured with the Platteville. Colo., 50 MHz radar. The reference scale is
shown at the right-hand axis. The time series covers a period of 19 days. and the hight resolution is 1.2 km.
Alternating quiet and active periods repeat every four to five days.
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0 heavy circle'shows the location of the SOUSY-VHF-radar. The
r radar data taken during the passage of the arm front labeled W20, are shown in Fig. 4.

FIG. 2 .Average variance in the vertical velocity at 15.4 and 17.8
km for the data shown in Fig. I compared to the 500 mb zonal wind two receiving antennas. Also. the vertical velocities can be
measured by the Denver radiosonde. The variance was calculated

for a 2 h period centered on the time of the radiosonde ascent. esrdi l he eevn em iutnos. n
this provides direct informationson 0000 spaton7var 9the

* within the sampling volume.

and there is no way to take into account variations in the The layered structures that enhance the reflectivitn at ve -
wind field over the distance separating the beams. The latter tical incidence ma not be moving with the wind speed but

has not been a problem except during strong gravit. wave may be modulated b. waves or the slope of frontal surfaces.
events a as we shall discuss later. In such cases the measured vertical

The third technique is the spaced antenna (SA) measure- velocity will haee a contribution both from the effect of the

ment advocated by R6ttger and Vincent (1978) and Vincent sloped surface as it moves through the beam and the real ver-

and R6ttgr (1980). The capabilities of the SA method were tical wind. With three beams and good height resolution the
compared to the two methods described above by Briggs orientation of the layers can be determined. The vertical ve-

a1980) and R6ttger (1o8ta). For this method one ans- ocith measurements can then be corrected for this effect (Se
mitter array and three spatially separated receiver arrays are Appendix in R6ttger, 198 c).

used. The horizontal wind components are determined by a
correlation analysis of the signals measured at the three rt-
ceiver arrays. The vertical velocity is found from the3sure- velocity f ectu of th

mentadvcatd byR~tgerand incnt 1978 an icen slodulfacetio ovesroughm heit beam an therel byr

Doppler-shift of the radar echoes. As mentioned in the in-
planetary wavestroductiono radars are particularly sensitive to temperature

(8versions and other stratified structures such as fronts. It Aend in RL g 198 1.has been determined that there is an enhanced refectivty forE

radars operatin at wavelengths of the order of eters when
the radar beam is pointed verticall and that the returned
power drops off tery rapidy with a few degrees ofi ertcal. Fi. 4. a) Retlecti\i t contour plot. Difference between contour
Smce the SA technique uses ons verticall. pointing beams it lines is2d I nensit% of'shading corresponds to intensit , echoes.

inverntoonspand othert stratified structuresngsuch ases ronts. at

is possible to detect echoes with a higher signal-to-noise ratio hi Contour plot tt %ertical 'etOCItie Shading indicates downward
ielocit% The interval between contours is 1.5 cm Is, ci Contour plot

than those that could be detected with a system using an off- of wind speed with a contour interval of 2.5 ms Shading indicates
,ertical beam configuration. The disadvantages of the SA speeds greater than 20 m/s. The heav. stippled areas correspond to
method are essentially the same as those of the fixed dipole missing wind data due to undersampling. d) Thermat structure and
array method. Perhaps the SA radar handles inhomogenci- winds near fronts adapted from Palmin and Newton 11969). The

ts iheas.% line labeled TP corresponds to the height of the tropopause.
ties in the sampling volume slightly better than the Doppler The dashed lines are the isotherms, and the solid lines are the iso-

method since the measurement, by its very nature. tends to lachs. The jet is located on the warm side of the front just below the
average variations in the atmospheric structure between the tropopause.
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MST radar and the Plateville. Colo. radar, both of which scales interact. This would appear to offer a great potential
operate at a frequency of 50 MHz. to study the nature of ver- for application of the radar technique. Klostermeyer (1981
tical velocity fluctuations over periods of several weeks. The has discussed the application of the technique to other stud-
15 rain. average vertical velocities for a three-week period in ies of the interaction of different scales.
March at Platteville are shown in Fig. i. It is evident that The time series in Fig. I show that some averaging will cer-
there are several days of low activity followed by 3 or 4 days tainly be necessary if the mean vertical velocity measured bySof high activity. This pattern repeats during the observations, the radars is to be representative of the synoptic situation. It

The period of the envelope modulating the vertical velocity is still to be determined if effects due to wave perturbations
variability is similar to the period of planetary-scale waves, can be averaged out in such a way that the result is meaning-
Ecklund ei a.. (1981 b) found that the 500 mb synoptic maps ful. G. Nastrom (personal communication, 1982) is presently
for the period indicated that the levels of high activity corre- investigating these questions by comparing the long time ser-
sponded to periods when a strong zonal flow was present. ies of vertical velocities measured by the Poker Flat MST
This is shown more clearly in Fig. 2, which shows the vertical radar with the vertical velocities derived from radiosonde
velocity variance at three different heights plotted together data using the quasi-geostrophic w, equation and other
with the 500 mb zonal wind speed. There is clearly a good techniques,
correlation between the two. The explanation by Ecklund et
aL (1981b) was simply that it was an orographic effect asso-
ciated with the mountains west of Platteville. The stronger
the zonal flow. the larger the amplitude of the vertical veloc-
ity fluctuations associated with the gravity waves generated 4. ObWrvalUo of frontal passge
in the lee of the mountains.

Observations have been made simultaneously with the R6ttger (1979) and R6ttger and Schmidt (1981) have made
Platteville radar and the Sunset 50 MHz radar located in the observations of warm frontal passages with the SOUSY/VHF
mountains west of Boulder (Balsley et a/.. 1981). Corre- radar located in the Harz mountains in Germany. Figure 3
sponding active and quiet periods were seen at both loca- shows the synoptic situation at 0000 GMT on 7 March 1981.
tions. but it was found that the magnitude of the variance at The location of the SOUSY radar is indicated by a heavy cir-
Sunset. located in the mountains, was much greater than that cle. The map shows that the area was affected by two lows.
at Platteville, located on the plains cast of the mountains. one centered near Iceland and the other centered due west of

It has long been known that the Continental Divide exerts England. Each low is characterized by a distinct set of fronts.
a drag on the planetary-scale flow. General circulation mod- The warm front labeled W I shows signs of occlusion, as does
els usually include some parameterization scheme to simu- the one labeled W2. Radar data are available for the passage
late this effect in order to make the simulations more realis- of the second warm front at the SOUSY site. Figures 4a-d
tic. The variance in the vertical velocities observed at show contours of the radar reflectivity. the vertical velocity.
Platteville and Sunset are indicators of the amount of damp- the magnitude of the horizontal velocity, and a schematic rep-

r. • ing of the zonal flow that is taking place. The energy taken resentation of the structure of a front taken from Palmen and

out of the flow manifests itself as small-scale eddies or gravity Newton (1969).
- waves. The fluctuations observed at Platteville should be The fact that the VHF radar sees the frontal structure so

particularly useful for estimating the damping, since the lo- clearly is due to its sensitivity to thermal stratification in the
cation is in the lee of the mountains, atmosphere (Green and Gage. 1980: Rastogi and R6tter.

The study by Ecklund ei al. (198 Ia) showed a similar vari- 1982) as we have already discussed. The schematic in Fig. 4

ability in the vertical velocity fluctuations at Poker Flat. with can be compared to the reflectivity contours in Fig. 4a. Not
quiet and active periods alternating every 3 to 4 days. How- only is the comparison quite good in terms of the ability of
ever. the implications of that study were slightly different, the radar in locating the position of the front, but the sche-
The terrain surrounding the Alaska site is not as well defined matic helps to show the temperature gradients that are asso-
as that at Platteville. Indeed. no clear relationship that would ciated with the increases in reflected power. Figure 4b shows
indicate an orographic effect could be found between the di- the area of ascent in the warm sector of the front and the area

rection or magnitude of the wind and the degree of activity. of subsidence in the cold sector. At the limi between 1800
The strongest correlation was found when the average wind and 2300 UT a fingered structure in the vertical velocity field
shear between 3.9 and 19.7 km altitude was plotted against is present immediately ahead of and in the area of the junc-
the vertical velocity variance. The agreement between the ture of the warm frontal surface and the tropopause bound-

two curves is not as good as that in Fig. 2, but there is enough
similarity to raise the possibility that a dynamic interaction
between the large-scale planetary waves and the short-period Fir. 5. a) Reflectivity contours for a warm-frontal passage ob-
gravity wave oscillations accounted for the modulation pat- served with the SOUSY-VHF-radar during February 1982. Shading

and contour levels are thesameas in Fig. da. The crosshairs show the
tern. A similar result was reported by R6ttger (198 Is). This position of the tropopause reported by the radiosonde station at
effect will have to be examined in more detail to determine if Hanover. 30 km from the site of the radar. b) Pressure-time cross-
such a relationship exists. section of the potential temperature measured by the Hanover radi-

If it can be determined that planetary waves do modulate osonde during the period corresponding to the data in Fig, Sa. The
contour interval is 5 K in the troposphere. Above 3SO K isotherm.short period fluctuations in the vertical velocities. the radar the contour interval was increased to 10K. c) Wind vectors measured

measurements of vertical velocities could be important in by the radarasafunclion of time and height. The referencescale and- - ... .d'h. vrl,,,, vyinn! meso- directions are shown at the lower left-hand corner.
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ary. There is an intrusion of stratospheric air at 2000 UT. The The position of the frontal boundary is defined by the
fingered structure associated with this event is reminiscent of 300-3 10 K isotherms between 1200 UT (Z) on 8 February and
the tropopause folds responsible for mixing that have been 0000 UT on 9 February. Figure 5c shows the horizontal wind
observed and discussed by Shapiro (1974, 1978). vectors measured by the radar as a function of height and

It has to be admitted, however, that the vertical velocities time. The wind shift from roughly westerly on the cold side to
measured with the radar may be contaminated by a small northerly winds on the warm side of the front can be seen.
contribution due to the horizontal wind. if the refractive The jet core passes the radar at 1700 UT on 8 February and is

* index structures are inclined to the horizontal. This is a typi- located at 10 km ASL. These observations are described in
cal feature of frontal systems and also will occur during more detail by Larsen and R6ttger (1982). The comparison
strong gravity wave activity. e.g.. lee waves. This effect can be between the radar and radiosonde data for this particular
compensated for by measuring the inclination angle with the case not only points out the agreement between the two but

spaced antenna set-up and applying a correction to the verti- also shows the details in the frontal structure that are missed
cal velocities (see Appendix in R6ttger. 1981c). by the 12 h radiosonde ascents.

All the data were measured during a period of only 12 min The results of the observation of the frontal passage are
on the full hour during the frontal passage. Thus, the vertical only preliminary. The mixing between the stratosphere and
velocities shown in Fig. 4 are the averages for the 12 min pe- troposphere will be investigated by analyzing cross sections

riods and may not be representative of the conditions of potential vorticity and potential temperature as suggested

throughout the hour However, the overall velocity fields are by Danielsen (1968) and comparing that to the vertical veloc-

downward in the cc4d air and upward in the warm air. This is ity data available. Radiosonde data also will be used to check

consistent with the expected pattern. Also. although we can- the thermal wind relation more carefully. Finally, the posi-

not comment on the variability in the fingered structure. tion of the front can be determined based on radiosonde data

there is no doubt that it is present. and this can be compared to the position determined from

The horizontal velocity cross section in Fig. 4c is very sim- the radar reflectivity. The good time resolution and height
ilar to the schematic structure of the winds shown in Fig. 4d. resolution of the radars may help to improve our understand-

The data in the heavy stippled area in Fig. 4c have been omit- ing of the mixing of air that is part of the damping process for

ted because the signal was undersampled during this particu- the frontal system, as well as providing a new tool for fore-

lar series of observations. The radiosonde data for this pe- casting on shorter time scales (Rottger, 1981 b). The vertical

riod indicate a wind maximum in this region, in agreement velocity measurements also should improve our understand-
with the schematic of Fig. 4d. ing of how precipitation develops in association with the

R6ttger and Schmidt (1981) used the horizontal wind vec- frontal structure. The combination of the radiosonde data

tor data measured by the radar to calculate the horizontal and the Doppler radar data is particularly powerful for study-

temperature gradients from the thermal wind relation. In ing the interaction of the synoptic scale and the mesoscale.

general. good agreement between the derived and observed
values was found in the height region between 700 mb and

300 mb. However. Shapiro (1974) showed that the geostrophic
relation, and the thermal wind relation that it implies, can be
found to explain the balance near frontal zones in a fortui- 5. Turbulence In the Atmoepherc mesoeale

tous manner. It may be that the balance is only apparent
since two large gradient wind terms cancel each other. The Most of the large radar facilities capable of measuring winds

high time resolution measurements that are possible with the throughout the troposphere and in the lower stratosphere

VHF radar, such as those shown in Figs. 4 and 5, make it were originally designed with other purposes in mind.

possible to get a better estimate of the peak wind associated Though meteorological research is being carried out at most
with a jet stream than is possible with radiosondes launched of these facilities, only tise SOUSY-VHF-radar. the Platte-

every 12 h. Also. the areas ofjet-stream generated turbulence ville radar, the Sunset radar (Green and Gage. 1980), and the

can be located. Further radar observations ofjet streams and Poker Flat MST radar (Balsley et al.. 1980) are being oper-

their mesoscaie variability have been made by Gage and ated in a mode dedicated to observation of the atmosphere.

Clark (1978), and Ruster and Czechowsky (19801. Of these, the Poker Flat radar is unique in that it has been in

Figures 5a-c show data taken with the SOUSY radar dur- operation continuously since the latter part of 1978. obtain-

ing a warm frontal passage on 8 February 1982. Figure Sa ing one complete profile every 4min with a 2.2km height res-

represents the contours of reflectivity, with darker shading olution. This unique data set is ideal for investigations of
indicating stronger echoes. The pattern is %'er% similar to that atmospheric dynamics at both long and short time scales. At

seen in Fig. 4a. The circles with crosses are the tropopause the present time the Platteville radar also is operating in a

heights reported by the Hanover radiosonde station. 50 km continuous mode as part of an effort b. the Wave Propaga-

from the site of the radar. A large gradient in radar reflectiv- tion LaboratorN of NOAA to establish a mesoscale predic-

ity is evident at the height where the tropopause occurs. At tion network (Strauch et al.. 1982). but the data it is provid-

1200 UT on 8 February, the tropopause is almost 4 km lower ing are not as detailed. The system will eventually include

than reported at 0000 UT due to the passage of the warm three VHF radars located in a triangle around Denver.

front, and there is good agreement between the radar and ra- Colo., and will provide wind profiles in the troposphere in an

diosonde observations. The time-pressure cross-section of operational mode similar to that of the Poker Flat facilit-.

potential temperature at Hanover for the same period is The WPL system will be described in more detail in a later

shown in Fig. 5b for comparison with the radar reflectivities. section.
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- flow if the -5/3 slope derived from the data in Fig. 6 is representa-
tive of 2-dimensional rather than 3-dimensional turbulence. The
source at high wave numbers could be due to convection or small-

1. scale wave energy generated by shear instabilities.

. .. .. . by least-squares fitting a power law of the form

Ptf) = Pf/fo)"

......... ... ,i!: Z ;4 .i : to each of the spectra. Hereto is a reference frequency corre-
E1 *t..0O! sponding to the point in the spectrum where the power is P0 .

The average value of n was found to be 1.602 ± 0.25. very
S close to a value of-5/3. The spectra for the meridional wind

0 component are rm shown but were very similar and had the
same spectral index.

10" : - Gage (1979) reviewed the results from diverse studies of
turbulence at scales from a few hours to a few days and

.. - -pointed out that a common thread was the finding ofa -5/3
power law. Most. though not all. of these studies used data in

1_ NAL"'"" -":::: ,: : . the frequency domain. However, if the Taylor hypothesis is
ZONAL .I. valid so that eddies can be considered to be moving with the

mean wind over the sampling period, then a V power law is
11001 0.01 0.1 1 10 implied. Gage further postulated that at these large scales the

Frequency (hour " ) turbulence is 2-dimensional rather than 3-dimensional. Fol-
lowing Kraichnan's (1967) theory, this would imply that a

Fio. 6. Power spectra calculated from a 40-day series of wind source of energy exists at small scales and energy is trans-
measurements made with the Poker Flat. Alaska. MST radar. Each ferred up the spectrum toward larger scales in what has been
successive curve has been multiplied by a factor of 100. The left-hand
scale is correct for the spectrum at a 5.99 km altitude. A curve ofthe termed a "red cascade."
form P = P(f/fo)" was fit to the spectrum at each height, and the Lilly (1982) has expanded the theory of2-dimensional tur-
value of n is indicated next to each curve. The average value of the bulence at these scales and has shown that 3-dimensional in-
slope is n = 1.602 ± 0.250. ternal wave structure can coexist with 2-dimensional turbu-

lent eddies relatively independent of the other. Lilly pointed
out that an energy source due to convection or small-scale
shear instabilities would occur in a 3-dimensional range but

Larsen et al. (1982) used the Poker Flat horizontal winds could leak enough energy into the 2-dimensional range to ac-
for a 40-day period from 25 February to 5 April 1979 to inves- count for the observations. The energy and enstrophy flow
tipte turbulence in the mesoscale. Wind data were available are shown schematically in Fig. 7. At scales larger than 1000
on a nearly continuous basis at heights ranging from S.99 km km a k enstrophy cascade range of 2-dimensional turbu-
to 14.69 km at 2.2 km intervals. The resulting spectra for the lence exists (see. e.g.. Julian et al.. 1970).
zonal wind component are shown in Fig. 6. Corresponding Van Zandt (1982) has proposed that the observations also
to each height is the spectral index n which was determined can be explained if the spectra are due to a universal Garrett-

!1
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Munk type spectrum. which is well known in the oceans. The 0
implication would be that a gravity wave spectrum exists 2S g ..

with interaction between different wavenumbers. The direc- " s4. 79 Ku SIG- s. 2 24.79 Ic Sta. 7.st
tion of the energy cascade would be the same as that of the so

2-dimensional turbulence, but the dynamics would be inher- so
ently 3-dimensional. The question of which view is correct 21

still needs to be resolved. " ,2. S§ S KU 1Q- S. 2 12. SO g .osSIC- ?. 32
The spectra in Fig. 6 show a pronounced peak at a period . . . .

of 50 h. very close to the 51 h period of the wavenumber 3 so
mode, two-day Rossby wave(see Salby. 1981). Salby's(1981) 2§1
calculations indicate that the wave should be observable,

though with a small amplitude, at latitudes corresponding to U so." o SIG- 1. 0. N KU SIG- B. 74

that of Poker Flat and for the time of year of the observa-
tions. Yet, it is clearly a significant feature of the wind varia- 25
tions during the observation period. -0 6

S a. is- N11SIC.- s. $.IS go SIG- L55

so

6. An examination of objective anlysIs scheIm - S. 2 KM SIG. 4. S1 s. 9u KU SIG. a. 14

The method used for interpolating observed data, usually so

input to a numerical model, is termed objective analysis. The - 3. 3 70 u 50o- 2. 46 3. 11 ."O50- 2. 79
various schemes used for this process are designed to operate 11 .o
under two constraints. First, the value calculated for a given s a A U N 100 U so A 0 U IGO

grid point should be representative of the true value of the FiG. 8. Comparison of the radar winds averaged over 48 h cen-
parameter such as height of an isobar, temperature. or wind. tered on the time of radiosonde ascents (light line) and the geostro-
at that grid point, corresponding to a scale size no smaller phic wind calculated from a grid of height data for isobaric surfaces

than the smallest scale that can be resolved by the model. Sec- (heavy line). The geopotential-height grid was calculated by apply-
ing the Cressman objective analysis scheme to the available radio-

ond. the derived values have to provide a balanced field to sonde data from five stations located near the Poker Flat MST radar.
minimize the generation of spurious oscillations that can The left-hand scale is velocity in m/s. The six curves on the right are
create errors in a numerical integration (see. e.g.. Kruger. for the meridional wind component. The quantity "sigma" is the rms

1969). The first constraint is usually handled by providing a difference between the two curves. The horizonial scale is Julian

good initial guess of the value at the grid point and weighting days.

it with observed values within a predetermined radius of in-
fluence of the grid point. This approach provides reasonable
values in data-sparse areas and smooths out errors due to ob- only a function of radial distance from the grid point. The

servational inaccuracies or oscillations, with characteristic geostrophic wind calculated from the gridded values of the

scales smaller than the numerical model can handle. The sec- height field was compared to averages of the radar wind data
ond constraint can be met by requiring that the derived wind over various time intervals centered on 0000 GMT and 1200

and height fields are in geostrophic balance. This is the GMT. the times of the standard NWS radiosonde ascents.
simplest approach. A more complex approach is to require The rationale was that averaging of the 4 min wind meas-
that the balance equation should be satisfied or that all the urements over periods of several hours should produce a

derived fields can be described by the normal modes of the good estimate of the balanced wind component. though the

numerical model (Daley, 1981). appropriate averaging interval had to be determined by trial

A check on a scheme that requires geostrophy for balance and error. Since the radar provides many profiles in a 12 h
would be to compare the geostrophic wind calculated from period. as opposed to only one by the radiosonde. these can
the derived height field to the actual geostrophic wind if a be averaged to produce a better estimate of the wind without

good estimate of that quantity is available, but it has been the influence of meteor logical noise.
difficult to do in practice. Therefore. more elaborate schemes The objective analysis schemes tested are the simplest ones
have been devised to test the various objective analysis that are available. However. the results have implications for
schemes. Often the test has been a comparison of the output the more complex multivariate optimum-interpolation
after application of the analysis procedure to a subjective schemes, since additional data for the interpolation scheme
analysis of the same data (Kruger. 1969: Otto-Bliesner et al.. are gained b) relating the height and wind fields through the
1977). geostrophic relation (Williamson et al.. 1981: Schlatter. 1975:

Larsen et al. (1981) used the data base from the Poker Flat Rutherford. 1972). The gradient wind relation is generally
radar described in the previous section to evaluate the not used since it makes th- problem nonlinear and thus more
Cressman (1959) and Gandin (1963) objective analysis meth- difficult to solve.
ods. These schemes use a parabolic and a Gaussian weighting An example of the result of the comparison is shown in
function, respectively, and are univariate. The weighting is Fig. 8. The thin line represents a 48 h average of the radar
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FIG. 9. Mean zonal wind profile and perturbations during a 48 h period measured with the Arecibo Ob-
servatory 430 MHz radar. Waves with a vertical wavelength of 1-2 km are present and a downward phase
progression can be seen, at least in the first 6 h. A more detailed analysis has revealed that the wave period is
close to 4 days.

winds measured every 4 min. The heavy line is the geo- plete oscillation in the vertical direction, so it is difficult to
strophic wind determined by the application of the Cressman speak of a wave train. There is very little vertical phase pro-
method with a radius of influence of 750 km to height data gression over a period of a few hours. Observations over a
from five radiosonde stations surrounding the Poker Flat period of 48 h have show' that there is indeed vertical phase
site. The results of the study show that there is essentially no progression, but on a scate of several days. This is shown in
difference between the Cressman and Gandin methods. For Fig. 9. which presents a series of wind profiles from that
both of these schemes the optimum radius of influence is experiment. It was determined that the period of the wave
smaller than that conventionally used. For the Cressman was likely to be four or five days. However. the observational
method a commonly used radius is a little over 2000 km. The period was too short to determine it accurately. Fukao e al.
comparison indicated an optimum value of 750 km. Also. the (1981) have seen the same kind of wave at Jicamarca. Peru.
Cressman analysis is usually applied in a series of successive during a 48 h observation period. They also estimated the pC-
scans in which the radius of influence is successively de- riod of the wave to be between four and five days.
creased to improve the estimate of variations at smaller The period and the wavelength are characteristic of a
scales. The comparison with the radar data indicated that mixed Rossby-gravity wave. which is an important part of
this produces a result slightly poorer than a single scan with the dynamics at low latitudes (see, e.g., Holton, 1975). Since
the optimum radius of 750 km. Finally, the difference be- the period is of the order of days, the high time resolution of
tween the geostrophic wind component and the radar wind the radars is not really necessary to observe the wave. but the
component decreased rapidly as the averaging interval was high spatial resolution is, since the vertical wavelength is so
increased out to 48 h. Beyond 48 h of averaging the difference small. Cadet and Teitelbaum (1979) detected the mixed
decreased, but only slightly. Rossby-gravity wave in data taken during the GATE experi-

There is great potential for more studies of this kind that ment. It was possible to resolve the wave structure because
rely on the ability of the radar to provide good estimates of radars with high spatial resolution had been used to track the
the winds free of the errors due to short term variability of the rawinsondes launched during the experiment. With the ra-
atmosphere. This type of study is not only important with re- dars it will be possible to observe the waves on a more routine
gard to research but also will be important in assessing possi- basis.
ble benefits of operational use of the radars. An investigation The ability of the VHF radars to measure vertical veloci-
of a multivariate scheme using the radar and radiosonde data ties on a routine basis also can have important consequences
is planned for the near future. for tropical meteorology. Little work has been done in this

regard to date. but it should be possible to improve our un-
derstanding of the interaction of the waves in the easterlies
and the convection that they triwer on the cloud cluster

7. Dete t of tropical wmve and tides scales. Radars operating at meter wavelengths can measure
both the vertical velocities within the clouds and the centi-

Wind measurements made at the Arecibo Observatory by meter per second vertical velocities associated with the
Sato and Woodman (1982) using the 430 MHz radar always waves. Over longer observation intervals, the annual trans-
show perturbations in the vertical profile with a scale size port of massacrossthetropopause boundaryassociated with
of - I km. The perturbations usually only undergo one com- the tropical branch of the Hadley cell also could be studied.

t "
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ZONAL WINO MEASUREMENTS I. The Wve PrOtion Labora y profer

The first real attempt at operational use of the UHF/VHF
Doppler radar wind measurements is as pan of a system de-
veloped by the Wave Propagation Laboratory (WPL) of

4..i NOAA. The system is designed to be competitive with the
NWS radiosonde (Hogg et al., 1980: Strauch, 198 1; Strauch

110"1 et al., 1982). The prototype Profiler consists of a dual wave-
length radiometer that measures total precipitable water

- .. . vapor content and vapor profiles, a microwave radiometer
that provides temperature profiles, a UHF radar for wind
profiling, and a VHF radar that determines the height of the
tropopause and provides wind information. The standard

surface measurements also are taken by the system. The

1t= 2223 0 1 a 3 1 S a 7 1 a il 12111 isis 1 drawbacks of the system are that the microwave technique
LOCAL TINE INOURI does not provide a detailed profile of the water vapor content

of the atmosphere as a function of height. However, the total
precipitable water vapor measurements have been found to

__0 __ be in good agreement with the same quantity measured by
radiosonde (Hogg et al.. 1980). The temperature profile de-
termined by using the microwave radiometer is far less de-

2S tailed than that of the radiosonde. but it may be that the reso-
lution of the radiometer measurement will be sufficient for
synoptic forecasting.

20 .The system has been designed to provide data roughly
every half hour. Most of the components of the system are

located at the airport in Denver. Colo.. and the VHF radar is
a Is located at Platteville. Colo. At the present time it mainly

provides data on the height of the tropopause and other in-
versions. This information was found to be valuable in in-

10 creasing the accuracy of the radiometer temperature profiles
1920112223 0 t 2 3 , $ 1 7 1 lo 112 13llisil? (Strauch, 1981). Eventuallythree moreVHFradarsforwind

LOCAL TIME INOUI profiling are planned as part of the PROFS (Prototype Re-

FIG. lO. Diurnal and semi-diurnal tidal components measured gional Observing and Forecasting Service) program. These

by FukaoereI. (1980 at Arecibo. Puerto Rico. The velocity time series radars will be located in a triangle around Denver. about 150
were filtered to exclude everything but the particular frequency to 200 km from the airport site. It is expected that data from
component of interest. The tidal components show downward phase the total system will be used to increase flight safety. decrease
progression and upward energy propagation in the lower airplane fuel consumption, and significantly improve short-
stratosphere, term forecasting.

As the present review indicates, the UHF and VHF radars
have mostly been used as tools for research in the past. al-
though the potential for operational use has been realized for
a number of years. The WPL effort is the first dedicated eval-

Fukao et al. (1980) have used the Arecibo radar .o study uation of the synoptic potential of the radar wind measure-
the dynamics of the diurnal and semidiurnal tidal compo- ment system The radar by itself could never replace the radio-
nents. Figure 10 shows a time series over a period of 24 h sonde, since there are no means of determining the
which has been filtered to exclude frequency components thermodynamic variables from the radar measurements. The
other than those of the tides. The phase progression indicates addition of the radiometer temperature measurements to the
that the source of energy for the diurnal tide is in the tropo- radar-derived wind profiles makes the system a much -nore
sphere and is in agreement with the results of Wallace and serious competitor for the radiosonde. However, the water
Tadd (1974). whose investigation based on radiosonde data vapor measurements are still not detailed enough to provide
showed that the strong diurnal component seen in the tropo- adequate information even for synoptic-scale forecasting.
sphere at low latitudes is not the classical tidal component. Regardless of whether the radar systems replace the radio-
Rather. it is driven by the interaction of the flow with the sonde network. the. have certain characteristics that would
orography or some other input of energy in the troposphere. at least argue for an eventual fusion of the two types of net-
Fukao et al. (1978) have observed the semidiurnal and diur- works. The radars provide very reliable measurements and
nal tides at Jicamarca. Peru. but they found that the semidi- little routine maintenance is needed. The wind data can be
urnal tide dominated in the troposphere and the diurnal tide processed completely automatically. and the measurements
could only be seen in the stratosphere. This may be an indica- can be made regardless of the state of the weather (Gage and
tion that the energy source for the tropospheric diurnal tide Balsley. 1978: Hogg et al.. 1980). Thus, the system is ideal for
seen at Arecibo is very localized. operation in remote places where few data are available other-
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